Introduction
In the recent times, high-Qf dielectrics applicable to the various wireless communication systems operating at microwave and millimeter-wave frequencies have attracted immense interest. Most of the ceramics exploited for these applications should exhibit a low dielectric constant (K) for fast signed speed and low propagation in delay time, high quality factor (Qf ) for good frequency selectivity, and stability of resonant frequency for good thermal stability of their dielectric characteristics. In particular, the Qf value is the most important factor than any other dielectric property because it decreases significantly with increasing frequency. 1) 3) Magnesium titanate ceramics are promising candidates applicable to be employed in microwave components and devices owing to their high Qf value. Several types of substitutions have been attempted to improve the Qf value of magnesium titanates until now. Typically, Zr 4+ 4) and Sn 4+ 5) It has been reported that the microwave dielectric properties of ceramics are dependent on the intrinsic factors such as structural and bond characteristics and extrinsic factors such as grain size, relative density, and secondary phase. 14) For an effective control on the microwave dielectric properties and to search for new materials with high Qf value, relationships between the affecting factors on the structural characteristics and the microwave dielectric properties of ceramics are yet to be developed. Various factors affecting the structural characteristics of ceramics such as bond valence, 15) ,16) the degree of covalency, 17)20) octahedral distortion of unit cell, 21) which could have originated from the electronegativity difference of constituent ions in the unit cell, have been reported. Therefore, the effect of electronegativity difference on the structural characteristics, which in turn affects the microwave dielectric properties of ceramics, should be investigated. Figure 1 shows the relationship between the Qf value of MgTiO 3 -based ceramics with isovalent substitution at Ti 4+ -site and the electronegativity difference reported to date. 5 The crystalline phases of the sintered specimens were evaluated by X-ray diffraction analysis (XRD; D/Max-3C, Rigaku, Japan). Rietveld refinement of the powder XRD patterns using Fullprof program (WinPLOTR) was performed to calculate structural characteristics such as bond length, bond valence, unit-cell volumes, and theoretical densities of the specimens. 25) The initial structure model of the ilmenite compounds was taken from the neutron powder diffraction study of Wechsler and Von Dreele. 26) Relative densities were calculated from the apparent density obtained using the Archimedes method and the theoretical density obtained using Rietveld refinement of the powder XRD patterns. Microstructures of the sintered specimens were observed by scanning electron microscopy (JSM-6500F, JEOL, Japan).
Microwave dielectric properties of specimens were measured by the Hakki and Coleman method 27) for both the Qf and K at 8 to 9 GHz while the temperature coefficient of resonant frequency (TCF) was measured by the cavity method in a temperature range from 25 to 80°C. 28) 3. Results and discussion
Electronegativity difference and bond characteristics
According to the report of Pauling, 24) the chemical nature of constituent ions of MgTiO 3 -based ceramics with ilmenite structure affects the bond characteristics, which can be estimated by the electronegativity difference between cation and oxygen ion of the oxygen octahedral in ABO 3 ilmenite structure. For MgTi 1¹x (Zn 1/3 B 2/3 )O 3 (B = Nb 5+ , Ta   5+ ) ceramics, the electronegativity difference (¦e) of each composition, obtained from the following equation, is illustrated in Table 1 .
where, X AO or X BO are the electronegativity differences Fig. 3 . In this figure, the overlying solid lines represent the calculated intensities, dots represent the experimental data, and the lines at the bottom represent the differences between the calculated and observed intensities. As shown in this figure, the observed and calculated data are in good agreement indicated that a reasonably refined data was obtained by Rietveld refinement method. In addition, well-matched refined data of other specimens were confirmed over the entire range of compositions. The R-factors such as GoF (23) and R Bragg (46) are sufficiently small, so reliable data can be obtained. Table 1 illustrates the bond lengths between the cation and oxygen ion in oxygen octahedra obtained using Rietveld refinement method on XRD analysis patterns. From these bond length data of oxygen octahedra, the octahedral distortion (¦) was calculated quantitatively using Eq. (2), 21) and the bond characteristics such as bond strength (s) and covalency ( f c ) and finally the degree of covalency could also be calculated using the following Eqs. (3)(5).
and the degree of covalency ð%Þ ¼ ðf c =sÞ Â 100 ð5Þ
where " R is the average bond lengths between the oxygen ion and the cation, while R 1 and N are empirical constants for the octahedral cation-oxygen ion pair. The values of a and M depend on the number of electrons and those of R 1 and N depend on the number of cation sites.
Due to the electronegativity difference between (Zn 1/3 B 2/3 ) 4+ (B = Nb 5+ = 1.62, B = Ta 5+ = 1.55) 24) and Ti 4+ (1.54) 24) and the difference of the ionic radius of (Zn 1/3 B 2/3 ) 4+ (0.67 ¡, C.N = 6) 29) from Ti 4+ (0.605 ¡, C.N = 6), 29) the individual bond lengths changed continuously and octahedral distortions (¦) of oxygen octahedra increased with the substitution of (Zn 1/3 B 2/3 ) 4+ at Ti 4+ -site of MgTiO 3 -based ceramics, which is displayed in Table 1 .
As shown in showed higher a degree of average covalency than that for the specimens with B = Nb
5+
. These results agreed with the tendency of the electronegativity difference in Table 1 . 
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Dielectric properties at microwave frequencies
For MgTi 1¹x (Zn 1/3 B 2/3 ) x O 3 (B = Nb 5+ , Ta 5+ ) sintered at 1450°C for 4 h, all the specimens showed a relative density of above 96%, and no significant change in the grain size of the specimens with the substitution content of (Zn 1/3 B 2/3 ) 4+ at Ti 4+ -site was observed. This implies that the effect of the density and the grain size on the microwave dielectric properties can be neglected. 34) Even though the dielectric polarizabilities of (Zn 1/3 B 2/3 ) 4+ (B = Nb 5+ = 3.33 ¡, B = Ta 5+ = 3.83 ¡) 29) are higher than that the polarizability of Ti (18. 3), as confirmed from the XRD patterns illustrated in Fig. 2 .
As seen in Fig. 4 ) increased as the electronegativity difference was closer to 2.015. The electronegativity difference of MgTiO 3 (2.015) is specific value of ilmenite structure and the tendency shown in Figs. 1 and 4 means the Qf value is high when the electronegativity difference is close to 2.015. For a slight change of the electronegativity difference of the specimens with B = Ta 5+ from 2.0144 to 2.0149 with the substitution content of (Zn 1/3 Ta 2/3 ) 4+ at Ti 4+ -site, Qf values increased remarkably from 131,400 to 333,500 GHz. The difference in the behavior of Qf values of the specimens with B = Ta 5+ from those of the specimens with B = Nb 5+ can be attributed to the difference in the bond characteristics of the specimens with B = Ta 5+ and B = Nb
5+
. As illustrated in Table 2 , the specimens with B = Ta 5+ showed a higher degree of covalency than the specimens with B = Nb ) with a single phase of ilmenite structure, the strong dependence of Qf values on the degree of covalency was confirmed, as shown in Fig. 5 . Therefore, the Qf values of MgTiO 3 -based ceramics with ilmenite structure can be controlled via the electronegativity of the constituent ions, and high Qf values of MgTiO 3 -based ceramics can thus be obtained if the electronegativity difference is close to 2.015 and the degree of covalency is higher than that of MgTiO 3 (31.144%). According to the previous reports, 17)20) the degree of average covalency is a function of bond strength and the strong bond improves structure stability and Qf value. The degree of average covalency increases with decreasing phonon damping constant, and the phonon frequency is affected by the bond characteristics.
36),37) The greater covalency leads to better Qf is caused by the changes of phonon damping constant and phonon frequency. Details of mechanism for the higher Qf value with greater covalency degree should be investigated in near future.
With the substitution of (Zn Table 2 . Figure 6 shows the linear relationship between the TCF values and average octahedral distortions of MgTi 1¹x (Zn 1/3 B 2/3 ) x O 3 (B = Nb 5+ , Ta 5+ ). With increasing octahedral distortion, the TCF of both the specimens decreased to values that are more negative. The TCF is related to the temperature coefficient of dielectric constant (TCK) and the thermal expansion coefficient (¡ L ), as given in Eq. (6) . TCF is affected directly by TCK as the magnitude of ¡ L is almost constant (; 10 ppm/°C) for ceramics. According to the report of Bosma and Havinga, 38) TCK could be expressed as the sum of the decrease in the number of polarizable particles per unit volume as the temperature increases (A), the increase of the polarizability of a constant number of particles with the increase of available volume as the temperature increases (B), and the dependence of polarizability on temperature at constant volume (C), as shown below.
38)
For a unit cell with large octahedral distortion, the increase in thermal energy with temperature is supposed to be absorbed completely in recovering the octahedral distortion (B + C) rather than in restoring the decrease in the number of polarizable particles per unit volume as the temperature increases (A), and it is expected that TCK is more dependent on (B + C) than (A). Therefore, it can be concluded that TCK increased with increasing octahedral distortion, which led to the decrease of the TCF. ) specimens sintered at 1450°C for 4 h.
Conclusion
